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TECHNICAL NOTE 3715

COMPARISON OF THE EXPERTMENTAL AND THEORETICAL
DISTRIBUTIONS OF LIFT ON A SIENDER INCLINED
BODY OF REVOLUTION AT M = 2%

By Edward W. Perkins and Donald M. Kuehn
SUMMARY

Pressure distributions and force characteristics have been deter-
mined for a body of revolution consisting of a fineness ratio 5.75,
circular-arec, ogival nose tangent to a cylindrical afterbody for an angle-
of-attack range of 0° to 35.5°. The free-stream Mach number was 1.98 and
the free-stream Reynolds nunmber was approximately 0.5 X 106, based on body
diameter.

Comparison of the theoretical and experimental pressure distributions
shows that for zero lift, either slender-body theory or higher-order
theories yield results which'are in good agreement with experiment. For
the lifting case, good agreement with theory is found only for low angles
of attack and for the region in which the body cross-sectional area is
increasing in the downstream direction. Because of the effects of cross-
flow separation and the effects of compressibility due to the high cross-
flow Mach numbers at large angles of attack, the experimental pressure
distributions differ from those predicted by potential theory.

Although the flow about the inclined body was, in general, similar
to that assumed as the basis for Allen's method of estimating the forces
resulting from viscous effects (NACA RM A9I26), the distribution of the
forces was significantly different from that assumed. Nevertheless, the
1lift and pitching-~moment characteristics were in falr agreement with the
estimated values.

INTRODUCTION

The need for accurate knowledge of the flow about bodies of revolution
has become increasingly important for the design of high-speed missiles
and airplanes. For these aircraft the body contribution to the aerodynamic

lsupersedes NACA RM A53EOLl, by Edward W. Perkins and Donald M. Kuehn,
1953.
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characteristics of the complete vehicle has assumed greater importance
than heretofore. Not only is there need for more accurate kmowledge of
the flow for the customary low angles of attack but, because of maneu-
veragbility requirements, the flow characteristics must be known for a
much lerger angle-of-attack range.

Since the effects of viscosity play a predominasnt role in determining
the flow over inclined bodies even at moderate angles of attack, the
results of potential-flow theories are valid only for small angles of
attack. An additional limitation on the range of applicsability of certain
theories results from the assumption of incompressible cross flow.

In reference 1, for instance, it is indicated that the method developed
should be appliceble as long as the Mach number normal to the inclined
axis of the body is not large compared with the critical Mach number for
a circular cylinder. However, for supersonic speeds, the Mach number
normel to the inclined axis may become so large, even at relatively small
angles of attack, that the effects of compressibility on the cross flow
can no longer be neglected. One of the purposes of the present investi-
gation is, therefore, to indicate the nature of the effects of both
viscosity and cross-flow compressibility and to show wherein the pressure
distribution for a slender inclined body of revolution in a supersonic
air stream differs from that predicted by available theory.

Although there is no simple theoretical method availsble for pre-
dicting either the viscous or the cross-flow compressibility effects on
the pressure distributions, an approximate method to account for these
effects on the over-all aerodynamic characteristics was proposed in
reference 2. It has been shown (ref. 3) that this method provides an
improvement over the prediction of potential theory slone for both the
1ift end the drag rise. However, it was found that the centers of pres-
sure for the bodies considered were aft of the positions predicted by
the spproximate theory. Because of this discrepancy, the present experi-
mental investigation of the loading of an inclined body has been under-
taken to assess the validity of certain of the assumptions maede in the
approximate method of reference 2. In particular, the purpose of the
present investigation is to determine wherein the magnitude and distri-
bution of the cross forces resulting from viscous effects differ from
those assumed in the approximate method. Results of similar studies of
Pressure distributions and force characteristics of a parsbolic-arc body
of revolution (NACA RM-10) and an ogive-cylinder body are available in
references 4 and 5, respectively.

SYMBOLS
32
A reference area, EE—
Cde section drag coefficient of a circular cylinder based on

body diameter
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o8

X,r,0

experimental local cross-flow drag coefficient based on body
diameter

. - L
1ift coefficient, —
A

pitching-moment coefficient gbout the nose of the model,
M 1 I'L ax

local normel-force coefficient per in.,

2r TP
—_— = cos 6 4o
A j;qo

total normal-force coefficient, L}Cndx
maximum body diameter

1lift force

body length

length of ogival nose

pitching moment

free-stream Mach number

cross~flow Mach number, My sin a

local static pressure on the model surface

free-stream static pressure

pressure coefficient, P "%
d,
lifting pressure coefficient, Cp - CPa:O

free-stream dynemic pressure
free-stream Reynolds number per inch
cross-flow Reynolds number based on body diameter

model cylindrical coordinates, origin at the apex (0 = o°
in the vertical plane of symmetry on the windward side)

angle of attack
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APPARATUS AND TESTS

Tunnel

This investigation was conducted in the Ames 1- by 3~foot supersonic
wind tunnel No. 1. It is a closed~-circult variasble-pressure tunnel in
which the Reynolds number is changed by varying the total pressure within
the gpproximate limits of one-fifth of an atmosphere to three atmos-~
pheres. Adjustment of the flexible steel plates, which form the upper
and lower walls of the nozzle, provides & Mach number raenge of 1.2 to 2.2.

Models

Two ogive-cylinder models were tested with geometrically similar
noses, but with different maximum diameters and different fineness-ratio
cylindrical afterbodies. Both models had a 33-1/3-ca.li'ber tangent ogive
nose (fineness ratio 5.75). All pertinent model dimensions and orifice
locations are shown in figure 1.

Tests

The pressure-distribution data for both models were obtained for
a Mach number of 1.98 and a free-stream Reynolds number of 0.5 x 108
per inch. Model 1, for which pressure-distribution data were obtalned
on the cylindrical afterbody only, was tested through the angle-of-attack
range of 0° to 35.5°. Because the errors due to the irregularities in
the alr stream were large compared to the measured pressures for low
angles of attack, all the data for angles of attack of less than 10° were
discarded. Subsequently, model 2, for which pressure-distribution data
were obtained for the nose as well as the cylindrical afterbody, was
tested in an improved air stream through the angle-of-attack range of
0° to 15°. Since the models were instrumented with longitudinal rows
of orifices, circumferential pressure distributions were obtained by
rotating the models through the. desired range of circumferential angle
(60) in increments of 15°. All pressures were photographically recorded
from a multiple-tube manometer system.

REDUCTION OF DATA

The data were initially red.ﬁced. to the form of an uncorrected
Pressure coefficient based upon free-stream conditions at the nose of
the model. With the assumption of a two-dimensional stream, the data
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were then corrected for nonuniformities of the free-stream pressure by
a simple linear superposition of these pressure nonuniformities and the
measured body pressures. All corrected pressure coefficients for models
1 and 2 are shown in tables I and II, respectively.

The corrected pressure coefficients have been integrated around
the body at 23 axial stations on model 1 and at 29 axiel stations on
model 2 for each angle of attack to obtain the section normal-force
coefficients. These force coefficients have been corrected for the
effects of local stream engle and stream curvature. For model 2, the
loading was known over the complete body length; therefore, total force
and moment coefficients were obtained from graphical integration of the
corrected cross-force distribution.

PRECISION OF MEASUREMENT

The uncertainty of the experimental date has been determined by
consideration of the possible errors of the individual quantities
(including corrections) used in the calculation of the final dsta.
These individual errors were combined by the root mean square to give
the total uncertainty which is shown in the following tabulation for
each parameter:

Cp (in plane of symmetry) +0.00k4
Cp (other than in plane of symmetry) #*.006
Cn +.003
Cy, +.008
Cm £.056
a +.1°

The values of the possible uncertainty in Cp appear quite large relative
to the scatter of the pressure-distribution data (figs. 5 and 7). However,
the possible uncertainty consists, for the most part, of errors which
would introduce a constant shift in the entire distribution at a given
station or errors which would result in a small gradient. Hence, although
these possible errors contribute to the total uncertainty, they are not
reflected in the scatter of the data.

RESULTS AND DISCUSSION

Vapor-Screen Studies

Before discussing the results of the pressure measurements, it is
eppropriate to consider the characteristics of the flow around an inclined
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body of the type used in this investigation. ILimited results describing
certein characteristics of the flow as determined with the vapor-screen
technique have been given in reference 3. A more detailed consideration
is presented in the following discussion.

Vapor-screen studies have shown the existence of vortices in the
flow field adjacent to the lee side of an inclined body. These studies
have shown that for a given body, the configuration and behavior of the
vortices, in addition to depending on the free-stream Reynolds number and
Mach number, are strong functions of the angle of attack. The behavior
of the vortices with regard to angle-of-attack effects may be roughly
divided into three regimes based upon observations of the steadiness and
disposition of the vortices at the base of the model: the low angle-of-
attack regime in which a steady symmetric pair is formed, the intermediate
range in which a steady asymmetric configuration of two vortices exists,
and the high angle range in which an aperiodically uhsteady asymmetric
configurstion of two or more vortices appears. Although adequate for
dividing the flow into steady and unsteady regimes, these simple classi-
fications are not always indicative of the vortex configuration over the
entire length of the body since the configuration varies with distance
downstream from the nose of the model.

For angles of attack less than spproximately 22°, a symmetric pair
of steady oppositely rotating vortices is formed on the upper side of the
body. These vortices, which were first detected near the base of the
model, were not found with the vapor-screen technique for angles of attack
less than 6°. However, it is known from the pressure distributions to be
discussed later that cross-flow separation with presumed formation of the
vortices occurred at even smaller angles of atbtack. As the angle of
attack is increased above 6°, the vortices appear to increase in strength
and may be traced. progressively farther forward on the body so that at
approximately 15° » they extend over the entire length of the body.

Tre angle-of-attack range in which a stead.y asymmetric configuration
of two vortices eppears is from approximately 220 40 26°. The asymmetry
is first detected near the base of the model so that while the vortex
pattern is asymmetric near the base, it may be symmetric over the forward
part of the model. With increase in angle of attack within this range,
the asymmetry becomes more pronounced and, at approximately 26°, the flow
becomes unsteady.

For &1l angles of attack from approximately 26° to 36°, the maximum
angle of attack of the tests, the aperiodically unsteady configuration of
two or more vortices appears. The vortex configuration is similar to that
shown by the vapor screen and schlieren pictures of figure 2 in which the
pattern of vortices near the base, figure 2(c), resembles the familiar
Kerman vortex street. Two different unsteady configurations are found in
this angle~of-attack range. One is associated with the appearance of an
edditional vortex in the flow field and the other with a simple shifting
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of the asymmetry of the vortex pattern. In either case these changes
occur gperiodically with no apparent change in either the angle of attack
or the free-stream flow conditions and are accompanied by a shuddering of
the model, indicating & sudden change in force distribution.

It has been pointed out previously (ref. 3) that there is an analogy
between the development of the cross-flow vortex system with distance
along an inclined body end the development with time of the flow about a
circular cylinder set in motion impulsively from rest in a direction nor-
mal to the axis of revolution. In both flows a pair of symmetric vor-
tices is developed initially. These vortices grow in size and are
elongated in the cross-flow direction with distance along the body for
the inclined body and with time elapsed for the circular cylinder.
Eventually, this flow pattern becomes unstable and a periodic discharge
of vortices results. For the inclined body, the periodic vortex discharge
appears when the development of the flow is viewed in a plane which moves
with the fluid; whereas for the circular cylinder, the periodicity appears
when the flow is viewed in a plane which is fixed with respect to the
cylinder.

Pressure Distributions

Zero 1lift.- The theoretical pressure distribution at zero angle of
attack has been calculated by several different methods for comparison
with the experimental data presented in figure 3. Since the 'slope of the
surface of the body is everywhere small relative to the free-stream Mach
angle, there is little difference between the results obtained by the use
of the linear theory (ref. 6) and the more exact methods of the second-
order theory or the method of characteristics, references 7 and 8,
respectively. The principal difference in the theoretical results is in
the pressure coefficient at the nose of the model. For this Mach number
and. nose angle, the second-order theory yields results which agree with
the exact Taylor-Maccoll value; whereas the linear theory yields a some-
what lower value. The method of characteristics solution for the pressure
distribution over the nose of this model was computed from the analytic
expression given in reference 8. The expression results from the corre-
lation of a number of characteristics solutions, and is expressed in terms
of the hypersonic similarity perameter. Since it was necessary to extra-
polate the results presented therein for the present application, the
accuracy has undoubtedly suffered to some extent. Nevertheless, the
agreement of this result with experiment may be considered adequate in
view of the extreme simplicity of computation achieved by use of the
simple equation. The corresponding distribution over the cylindrical
afterbody was determined by cross-plotting values obtained from the
appropriate figures of reference 8. The distributions calculated with
linear theory and second-order theory coincide over most of the body
length. These distributions were calculated only to a point approximately
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two body diameters aft of the point of tangency of the nose with the
afterbody since the trend of the curves was clearly established, and
the large amount of calculation necessary to obtain the distribution
for the full body length was not comsidered Justified.

The waviness of the experimental pressure distribution over the
nose section has been attributed directly to irregularities of slope of
the model surface. As determined by a contour projector, the magnitude
of slope deviation from the theoretical was approximately 0.25° at
X = 2.7d and approximately 0.12° at x = 1.4d. The apparently low
values of the pressure coefficients for x/d.<l are due to a slightly
smaller nose angle on the model than was assumed for the theoretical
calculations.

Angle of attack.- Although there are a number of theoretical methods
for calculating the pressure distributions for inclined bodies of
revolution (refs. 1 and 9 to 16, for example), the angles of attack and
body shapes for which these methods might be expected to yleld accurate
results are limited. These limitations result from both the failure to
consider the effects of viscosity and the assumption of small disturb-
ances in the, development of the theory.

Since the viscous effects are associated with separation of the
cross flow and since separation would be expected only if the pressure
gradient in the flow direction were adverse, a study of the theoretical
inviscid pressure distributions should give some indication of the con-
ditions for which cross-flow separation might be anticipated. In this
regard, it is of interest to consider the variation with angle of attack
of the position of the minimum pressure line as determined from the
pressurt)e distribution predicted by the following expression (refs. 1,

" 9, or 10):

Nop =2 %fc— cos 8 sin 2a + sinZx (1-4 sin26)

As shown in figure 4, for all angles of attack other than zero, the
theoretical minimum pressure line on the cylindricel afterbody is at

@ = 90°. On the nose section of the body, as the angle of attack is
increased from 0° to 90°, the minimum-pressure line moves progressively
from 6 = 180° to 6 = 90°. Although the cross-flow separation line
would not be expected to coincide with the minimm-pressure line, it
might be expected to follow the same trends. Hence, based upon the
results shown in figure 4, cross-flow separation should occur initially
on the cylindrical afterbody and should move forward with increasing
angle of attack. That this expected trend is actually realized is
illustrated by the typical pressure-distribution data in figure 5. The
circumferential pressure distributions are shown for four angles of
attack. The data for the station 11.33 diameters from the bow of the
model indicate that at this station, the cross flow has separated at an
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angle of attack as low as 1°. With increasing asngle of attack, the
position along the body aft of which the cross flow has separated moves
forward. Plots of the data appearing in table I show that at spprox-
imately 159, the cross flow has separated over the entire body length.
The position along the body at which cross-flow separation first occurs
is plotted as a function of angle of attack in figure 6.

It is within this separated-flow region that the vortices which
were observed with the aid of the vapor-screen technique are formed.
The secondery flow of these vortices has pronounced effects on the local
distribution of pressure within the separated-flow region. These effects
are predominent in the lower angle-of-attack range where the vortices
are close to the surface of the body. The low pressure region near
0 = 150° (figs. 5(c) and 5(d), for example) is associated with the loca-
tion of a vortex core. The higher pressure which occurs in the plane of
symmetry on the lee side (6 = 180°) results from the combined effects
of the two symmetrically situated vortices which rotate in opposite
directions and tend to produce & quasi-stagnation line along the body
surface. The variation with distance along the body of the effect of
the vortex pair on the local pressure distribution is illustrated by the
date shown in figure 5(d). The magnitude of the expected pressure rise
at 6 =180° is proportional to the strength of the vortices and
inversely proportional to their distance from the body surface. Over
the nose where the vortices were weak, but still close to the body, a
small pressure rise is shown. At station 6.67d the combination of vortex
strength and location was such that the largest pressure rise occurred
et this station. At stations farther downstream the effect of the vor-
tices was less, and at station x = 11.33d the pressure was nearly
constant because the vortices were so far from the body that in spite of
their increased strength, they had little locel influence on the body
pressure.

Although it is apparent from the foregoing that viscous effects are
important even at low angles of attack, it is evident that the region of
influence of these viscous effects is confined principally to the lee
glde of the body. Hence, the pressure distribution for the remainder of
the body might be adequately predicted by potential theory. For compar-
ison with the experimental results, the pressure distributions predicted
by slender-body theory (ref. 1) have been plotted in figure 5 for several
stations along the body. These particular stations were chosen for the
comparisons since they are representative of the three different flow
regions of the body. The first station is on the expanding portion, the
second and third stations are within the region of 1lift carry-over on the
cylindrical afterbody, and the fourth station is sufficiently far along
the cylindrical portion of the body so that it should be influenced very
little by the 1lift carry-over from the nose. At the lowest angle of
attack the magnitude of the lifting pressure coefficients is so small
relative to the uncertainty in the measurements that comparisons with the
theoretical distributions have little significance. For low angles of
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attack where the effects of cross-flow separation are not evidenced, the
experimental pressure distributions for the station on the nose of the
body are in good agreement with the theory on both the windward and
leeward sides. For the balance of the stations the agreement is gener-
ally poor for angles of attack of 0.9° and 4.0°. However, for 8°, fair
agreement over most of the windward side of the model is found.

For angles of attack greater than 10° the Mach number normal to the
inclined axis of the body exceeds the well-known critical cross-flow Mach
number for a circular cylinder. Hence, it might be anticipated that for
this and larger angles of attack, compressibility effects would contrib-
ute to the lack of agreement of the experimental pressure distributions
with those predicted by the theory. The pressure-distribution data show
that this compressibility effect results in larger pressures than pre-
dicted over the windward side of the model. At 15° angle of attack this
compressibility effect is not constant along the body length; instead,
the difference between the experiment and theory on the windward side
diminishes with distance along the body, and at x = 11.334d ‘+the experi-
mental distribution is in good agreement with the incompressible theory.
However, as the angle of attack is increased sbove 15°, the circumferen-
tial distributions over the cylindrical portion of the body become less
dependent upon exial position. The variation with angle of attack at
stations along the cylindrical afterbody in this high angle-of-attack
range is shown in figure 7. At approximately 29.5° angle of attack, or
& cross Mach number of 1.0, the circumferential pressure distributions
are almost identical over the entire cylindrical afterbody and thus
depend only on the cross-stream characteristics. As shown by the data
in figure 7, at high angles of attack the pressure distribution over the
windward side of the body approaches that predicted by clessical Newtonian
theory (ref. 14), although, as would be expected, the pressures are all
somevwhat lower than the Newtonian values. The level of the pressure in
the wake (fig. 7) decreases with increasing angle of attack. At
a = 35.59, the pressure over most of the lee side of the body is constant
and the pressure coefficlent is equal to approximastely 0.7 of that cor-
responding to a vacuum. It is interesting to note that the pressure
level is very close to the minimmm pressure on the lee side of a cylinder
in two-dimensional flow at the same free-stream Mach number (ref. 17).
Hence, it appears that the lee-side pressure for the inclined body may
have already reached a lower limit at the maximum angle of attack of
these tests and would therefore not decrease with further increases in
incidence.

Lift Distribution

Theory.- In the analysis of reference 2, it was assumed that the
viscous cross flow about an inclined body of revolution is similar to
that about a circular cylinder normal to an air stream of velocity
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Vo sin a. Thus, the local cross force resulting from the effects of
viscosity could be computed from a knowledge of the drag characteristics
of circular cylinders. It was further assumed that this so-called
viscous cross force could be added directly to the local cross force
resulting from the potential flow. Based upon these assumptions, expres-
slons for the lift, drag rise, and moment were developed as functions of
the angle of attack. It is the purpose of the following section to
exemine the experimental 1lift distribution and center-of-pressure loca-
tion in light of this theory.

Coqgg;iéou of theory and experiment.- The experimental longitudinal
distribution of local normal-force coefficient for model 2 is compared
with theoretical distributions in figure 8 for several angles of attack.
Munk!s slender-body theory (ref. 18) and Tsien's linearized theory
(ref. 13) have each been combined with the so-called viscous cross force
calculated in accordance with reference 2 to yield two different theoret-
ical distributions. The theoretical viscous cross-flow contribution has
also been shown separately. Insofar as the absolute magnitude of the
local cross-force coefficients at angles of attack of 1° and 2° is con-
cerned, the small difference between the two theoretical results is
somewhat overshadowed by the uncertainty in the experimental data, thus
precluding a selection of the better theory on this basis alone. However,
in this low angle range the linearized theory does predict the general
trends of the experimental data better than the slender-body theory. In
particular, the negative 1ift region on the cylindrical afterbody is
indicated, although neither the exact location nor magnitude of the max-
imum negative 1ift is correctly predicted. For the highest angle-of-
attack data of figure 8, there is little semblance between theory and
experiment except over the first three or four body diemeters.

The local normal-force data for model 1 presented in figure 9 afford
an opportunity to assess the validity of two of the assumptions of the
spproximate method of reference 2. These two assumptions were: First,
that the cross-flow drag coefficient used for calculating the local
cross force on each element of an inclined body was constant along the
length of the body; and second, that the appropriate magnitude of the
cross-flow drag coefficient should be the two-dimensional value reduced
by a factor to account for the finite length of the body.? Thus, in the

approximate method, the cross force on each element of the body was

2This suggestion was made since it was known that the drag coefficient of
a circular cylinder of finite length was less than the drag coefficient
of a clrcular cylinder of infinite length. Although it was recognized
that the largest portion of the drag reduction due to finite length
should occur near the ends of the body, it was expedient to consider
the drag reduction to be equal for each element along the length of
the body.
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reduced by the factor 1 vwhich is the ratio of the drag of a circular
cylinder of finite length to that of a circular cylinder of infinite
length. Since, for the angle-gf~attack range of the data of figure 9,
the major contribution to the'local normel force over the cylindrical
afterbody results from the cross-flow separation forces, the validity
of these assumptions can be assessed. As to the assumed constancy of
the cross-flow drag coefficient, only at the highest angle of attack 1s
the cross force constant over the afterbody length. For the angle-of-
attack range between 10° and 20° the normal force decreases continuously
with distance downstream from the beginning of the cylindrical afterbody.
Although the cross force does very with distance along the body, the
nature of the distributions indicates that for each angle of attack, the
cross force is approaching a constant value far downstream. However,
this asymptotlc value is not reached on the body for angles of attack
less than about 20°. For angles of attack of ok .59 and greater, the
cross force is constant over a portion of the afterbody. It appears,
therefore, that for all but the largest angles of attack the cross-
force distribution on the cylindrical afterbody is influenced by the
presence of the nose of the body and that the length of afterbody influ-~
enced by this end effect decreases as the angle of attack increases.
Hence, the assumption of reference 2 that the cross-flow drag coefficient
is constant along the length of the afterbody 1s most appropriate for
very large angles of attack.

The second assumption of reference 2 that may be examined is that
of the asppropriate magnitude of the cross-flow drag coefficient. The
dashed lines shown in figure 9 represent the magnitude of the local
normal-force coefficient calculated with the section drag coefficient
for infinitely long circular cylinders (1 = 1) for the appropriate cross
Mach numbers and cross Reynolds mumbers. These values, rather than the
reduced values suggested in reference 2 (n0.76), are shown since the
reduced values ylelded results which were, in general, too low over most
of the length of the cylindrical afterbody. From these comparisons it is
apparent that neither the reduced values nor the values represented by
the dashed lines in figure 9 are appropriate for the complete angle-of-
attack range. It was conjectured in reference 2 that the value of 19
for cross Mach numbers other than that for which data were available
(M>0) could be estimated by considering the effective length-to-diameter
ratio as proportional to the true length-to-diameter ratio multiplied by
the ratio of the drag coefficient, 1.2, to the section drag coefficient
at the Mach number under consideration. Thus, as the cross Mach number
increased in the subsonic range, the value of 17 would decrease. However,
it appears from the data of figure 9 that it would be more appropriate to
consider that 1 approaches unity as the normal Mach number approaches
unity. This is further supported by the results presented in references
17 and 19 vherein it was shown that 1 1s effectively unity for supersonic
cross Mach numbers.
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An effect of Reynolds number.- An effect of Reynolds number on the
local cross force is indicated by the comparison in figure 8(e) of the
local cross-force distribution on the cylindrical afterbodies of models
1 and 2 for an angle of attack of 15.1°. These data show that the local
cross force over the aft portion of the afterbody of model 2 is much
less than that for model 1.2 Although the two sets of experimental data
were obtained for identical free-stream conditions, the difference in
size of the two models results in a difference in the Reynolds number
based on model dimensions. This loss in cross force for model 2 appears
to be similar in nature to the reduction in cross force or drag of a
circular cylinder which occurs when the critical Reynolds number is
exceeded. TFor this latter case, the reduction in drag results from
transition of the boundary layer on the cylinder which alters the sepa-
ration point and effects an increase in the pressure recovery on the lee
slde of the body. Comparison of the circumferential pressure distribu-
tions at x = 144 for models 1 and 2 with typlcal pressure distributions
for the subcritical and supercritical Reynolds number flow around a
circular cylinder (fig. 10) shows that the differences between the dis-
tributions for models 1 and 2 are similar to the differences between the
distributions for the circular cylinder.? An increase of Reynolds number
results in a larger pressure recovery on the leeward side of the body
and a lower minimum pressure which occurs nearer 6 = 90°.

Two significant facts concerning the values of the cross-flow Mach
number and the Reynolds number at which this effect was found should be
noted. The cross-flow Mach number was approximately 0.5 which is greater
than the critical Mach number for a circular cylinder. Thus, it is
apparent that contrary to expectations, the critical cross-flow Mach
number for a circular cylinder (M = O.4) is not the maximum cross Mach
number for which Reynolds number effects can be important. However, this
result does not imply that the Reynolds number will have important effects
for all cross Mach numbers since it is obvious that if the cross-flow
separation characteristics are primarily dependent on shock-wave boundary-
layer interaction, as they must be for large cross Mach numbers, the
Reynolds number should have little effect. The second significant result
is that the cross-flow Reynolds number, based upon the velocity normal
to the inclined axis and the afterbody diameter of model 2, was less
than the familiar critical cross-flow Reynolds number for a circular
cylinder. This result is in agreement with the results of reference 19
which show that the critical Reynolds number for the flow about a circu-
lar cylinder inclined to the air stream is less than the critical Reynolds

3o provide a direct comparison of the local normal-Porce distribution
of models 1 and 2, the experimental data for model 1, as plotted in
figure 8, have been referred to the dimensions of model 2 since, by
definition (see list of symbols), the local normal-force coefficient
has the dimensions r-i.

“The reference q used for this plot is the g normal to the axis of
revolution (g sin®a).
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number based upon the local dismeter of the body, and the velocity normel
to the axis of the body. Thus, the cross-flow Reynolds number mey not be
the proper parameter for correlating transition effects on the cross force
for inclined bodies. In this regerd, it should be noted that for model 2
of the present investigation, the Reynolds number, based upon the free-
stream velocity and the distance from the nose of the model to the axial
position at which the tramsition effects on the cross flow were first
detected, was near the value for which transition of the longitudinal
boundary layer would be expected for the test conditions and within this
particular wind tunnel. Thus, transition of the longitudinal boundary
layer may have contributed to the apparently low value of the eritical
cross-flow Reynolds number.

Lift and Moment Characteristics

The pressure-distribution data for model 2 have been integrated to
determine 1ift and moment characteristics. To provide a direct compar-
ison with force data obtained from previous tests of & model with an
identical ogival nose but of over-all fineness ratio of 13.l, the inte-
grations were terminated at x = 13.1d. The comparison of these results
is shown in Pigures 11 and 12. Also included in the figures are the
characteristics predicted with potential theory alone and with both
slender-body theory and Tsien's linearized theory in combination with
estimates of the viscous effects. The viscous contribution has been
estimated by both the method suggested in reference 2 in which the
reduced value of the cross-flow drag coefficient is used (n = 0.72) and
by assuming the full value of the cross-flow drag coefficient to be
effective (n = 1.0). The use of Tsien's linearized theory in place of
slender-body theory has little effect on moment and center of pressure.
Some slight improvement in the prediction of the 1ift and pitching
moment at the higher angles of attack results from use of the full value
of the cross-flow drag coefficient, but this is accompanied by a loss in
agreement in the low angle-of-attack range.

CONCLUDING REMARKS

The pressure distribution and force characteristics of a slender
body of revolution consisting of & fineness ratio 5.T75, circular-arc,
ogival nose tangent to a cylindrical afterbody have been measured for
an angle-of-attack range of 0° to approximately 36°. The free-stream
Reynolds number and Mach number were 0.5 X 108 per inch and 1.98,
respectively. Comparisons of the results with theory show that the
pressure distribution over the nose of the body is adequately predicted
for low angles of attack. Viscous effects which result in separation of
the cross flow caused considersble disagreement over the aft leeward side
of the cylindrical afterbody even at very low angles of attack. The
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cross-flow-separation point (the position on the body aft of which the
cross flow is separated) moved forward with increasing angle of attack,
with the result that the cross flow is separated for the entire length
of the body at an angle of attack of 15.1°.

The results of the study of the cross-force distribution have shown
that even though the total cross force or lift is in fair agreement with
that predicted by the approximate method proposed by Allen (NACA RM A9I26),
the distribution of loading differs appreciably from that assumed in the
anelysis. It is not possible to determine from the present tests if the
dlifferences between the experimental results and the various theories
may be attributed to failure of the potential-flow theory or to wviscous
effects which have not been taken into account. However, because of the
nature of these differences, it appears that they result largely fram
the viscous effects. Additionel theoretical and experimental work is
needed to explore the possible relationship between the time dependency
of the viscous forces for the circular cylinder impulsively set in
motion from rest and the axlal distribution of the viscous forces for
the inclined body, which is suggested by the analogy between the devel-
opment with time of the flow about the circular cylinder and the devel-
opment with distance of the flow along the inclined body.

An effect of Reynolds number on the cross flow about the inclined
body was found. The effect was similar to that which occurs for the
two-dimensional flow around a circular cylinder when the Reynolds number
exceeds the well-known critical value. Two significant facts about this
effect should be noted. The cross-flow Reynolds number at which the
reduction in cross force occurred was less than the familiar critical
value for a circular cylinder normal to the air stream. The cross Mach
number was greater than the critical Mach number for a circular cylinder.
Thus, it appears that the critical cross-flow Reynolds number for the
flow around the inclined body is less than that of a circular cylinder
normal to the air stream, and that Reynolds number effects are important
even at cross Mach numbers greater than the critical Mach number for a
c¢ircular cylinder.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., May 1, 1953
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Mo = 1.98,

Rep = 0.5 x 108/INCH, MODEL 1
(a) « = 10.5°

TABLE I.- EXPERIMENTAL PRESSURE COEFFICIENTS FOR A 33~1/3-CALIBER OGIVE-
CYLINDER MODEL AT VARIOUS ANGLES OF ATTACK.
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Mo = 1098’

ontinued

CIENTS FOR A 33-1/3-CALIBFR OGIVE-

LES OF ATTACK.

Reg = 0.5 x 10°/INCH, MODEL 1 - C
(e) a = 22.5°
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Mo = 1098,
MODEL 1 -~ Concluded
(1) a = 32.5°

Reg = 0.5 x 10%/1INCH,

CYLINDER MODEL AT VARIQUS ANGLES OF ATTACK.
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5 x 10%/INCH, MODEL 2
(&) « =o0°

Reo = 00
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Mo = 1098,
MODEL 2 - Continued

(e) a =2.0°

Rep = 0.5 x 108/INCH,

CYLINDER MODEL AT VARIOUS ANGLES OF ATTACK.
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= 1:98:

Mo

MODEL 2 - Continued

a= 5.7°

Reg = 0.5 x 10%/1NCH,
(e)

CYLINDER MODEL AT VARIOUS ANGLES OF ATTACK.

TABLE IT.~ EXPERIMENTAL PRESSURE COEFFICIENTS FOR A 33-1/3-CALIBER OGIVE-

FEERIISTLELL

Jgenne

) S M.....
38

mmmwmmmmmmm EERERE]

¢
g

mmmmmmmmmmmmmmmmmmmnm

S

mmmmmmmmmmmmmmmmmmmmmmmmmmmm

m

mmmmWMMMmmm wmmmmmﬂmmmmmmmmm

m

CEEREELE LR ELEREEEERE R L

m

CEEEEEERUITERELELELLIERERE

m

mmmmmmMmmmmmmmmumm‘mmmmumumm

m

mmMmWMummmmmwmﬁmmmmmmmwmmmmm

&

03

mmMMm1mmmnmmmawmmmmmmmmmmmmm

wmmmwmm mmmmmmmmmmmmmumﬂmm@m

Radial angle, &

0.046|0.039}0

=, 043 |~

S EEEEE P EE I T ELE CELLLEEE

90°1o5°:lao°135°150°165°180°195°zm°m°m°$5°m"

g

0

#2389 820583045252 23924000NE3

o-------_----

750

8

mmmmmmwmmmmmmmmmmmxmmmmmmmmm

m

mmmmmmnmmwpmmwmmﬁmmmmmmWMmmm

~s°so°

m

EEER Lt mmmmwmmmmmmmmmmmmmM

z

0.

mmmmmmMMmmmmmmmmmmmmwwmmmMmm

0.

ELER RS mmmmmmMMmmmmmmMmmmmm

0° | 15° | 30°

0.

g

mmmmmmmwmmmmmmmm mmmmmmmmmmm

Hio

3

S

wnm27u%wuwﬁW2ﬂu%wuwsmaﬂﬁwﬂﬁm

AN Aot RGNS 77588 99””“—”2”“

(f) a = 8.00

159928 baabadteailadBnadaan

mmmmmmmmwmmmmmwmammmmmmmmmw T

mmmm;mmammmmmmammmmmmmmmmmmmm

mmmmmmmmmmmmmmmmmwmmmmmmu §ad

mMmmMmmmmmmmmmmmmmmmmmMuMmmmm

mmm mwmmmmnmmmmmmmummmmmmummm

0-------.-----

mmmemmmmmmmmmMmm 38285488448

mmmmmmmmmmnwmmmmmmmmmmmmmmmwm

mmmmmmmmammammmmmmmmmmmmmmmmm

mmmmmwmmmmmmmamﬁmmmmmmmmmmmmm

mmmmmmmmmmmmwmmmmmmmmmmmmmmmm

Redial angle, &

mmmmumﬁmmMmmwmmwmmmmmmm Ik

9o°m5°1ao°135°150°155°m0°195°m°225°z~o°255°zro°

mmmmmmmmmwmmwmmmmmmwmmammmmMm

750

mmmnmmmmmmmmmmmmmmwwmmmmmmmmm

mmwmammmmmmmmwmmmmwmmmmm ge8ay

mmmmm@mmmmmmmmmmmummmmmmmvmmm

0.

300 b50 mo

[}

TTETEREE Mmmmmmmmmmm mMﬂmm

- N

EEREERHIS R ERELE mmmmmmmmmmmm

o | 1°

i

mmmmmmmmmmwmmmmmmmmmmmmmmmmmm
m w &ﬂuﬁm“%ﬁﬁaﬁn%m%&ﬁmzﬁﬂmﬁﬂm

dici merd 4 ARG Erdod g g g 0L




ol NACA TN 3715

TABLE IT.- EXPERIMENTAL PRESSURE COEFFICIENTS FOR A 33-1/3-CALIBER OGIVE-
CYLINDER MODEL AT VARIOUS ANGLES OF ATTACK. Mo = 1.98,
Reg = 0.5 x 10%/INCH, MODEL 2 - Concluded
(g) « =15.1°

x

T oo |25 30°
0.4%|0.345]0.332|0.267
-89| .335| .323| .265
1.33] .319] .300] .238
1.78| .286] .2n| 211
2.22| .265] .249| .190
2.67| .2ko| .229| .11
3.1 .228] 211 .153
3.56) .200| .190] .132
::ﬁ L176] .A5%| J10
. 13| .131| .090
k.89] .133] .1ak] .o7%
5.33| .115| .096| .057
3.78] .102] .08%| .046
6.22| .092| .075| .Oh2
6.67] .096] .o7h| .032
T.2| .085| .068| .029
7.55] 0861 .068] .026
8.00| .o84| .0861] .020
8.44] .086] .063] .023
8.89| .081| .061| .009
9.33{ .092| .068] .02k
9.78| .082} .0%9] .08
10.22( .088( .06%| .020
10.67| .082} .061| .8
1.33( .o72( .o5%} .012
12.00| .o78 gz; .010
12.67( .o81| . 005
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(a) 8Side view schlieren photograph.

(b) Vapor-screen photograph (e¢) Vapor-screen photogreph
Torward station. rearward station.

Figure 2.- Schlieren and vapor-screen photographs showing vortex
configuration for an inclined body of revolution. a = 30°,

M, > 2.0.
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